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Summary 

Fluorine- 16 labeled l-amino-S-fluorocyclohutane-l-carboxylic acid (FACBC), a new 
tumor-avid amino acid, was synthesized for positron emission tomography. pSpjFACBC 
was prepared wiih high' specific activity by nucleoohiiic displacement with an overall 
radiochemical yield of 12% <EOB). Synthesis of the tritlate precursor was accomplished 
in nine steps starting from the reaction of benzyl bromide with epichiorohvdrin which 
gave 1-chloro-2~benzyioxy--3-brompropane. A key step involves conversion of 3- 
benzyioxy-cyclobutane-1 ,1-dicarboxylate diamide to a mixture of diastereomeric 2- 
benzyloxycyclobutane hydanioins. 
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Introduction 

It is crucial to delineate tumors, particularly of the brain, so that a surgical or local 
radiotherapeutic therapy can maximize lesion resection without destroying intact or 
functionally indispensable tissue. Anatomical imaging of tumors with CT and MR I are 
routinely used but thoy can not always distinguish between necrosis and recurrent 
tumor because both types of lesions may show contrast enhancement due to BBS 
damage and a mass effect (1-6). 

Certain amino acids are required nutrients for cellular metabolism and their 
uptake is greater in cancer cells as a consequence of increased amino acid transport 
<7). Tumof cells proliferate rapidly and require large amounts of proteins to build the 
fast growing tissue. Because of this abnormally high rats of protein synthesis, 
measuring the rata of amino acid incorporation into cells has proved to be a more 
sensitive and specific, and therefore, a more reliable means of tumor detection than 
measuring cerebral glucose uptake with PET or enhanced CT scanning (6). 
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We have developed l-arnino-3-fiuorocydobutane-l-carboxylic acid (FACBC) 
(10) labeled with fluorine-18, an unnatural, nonmetabolized amino acid (8-13) which 
potentially can have widespread use as a diagnostic imaging agent for visualizing 
mafignant tumors. This new agent represents the first /luorinated analog of ACBC, an 
amino acid known to have tumor specificity (8, 14). • BFjFACBC was prepared with high 
specific activity (no carrier added) and was evaluated for its pctemia! in tumor 
localization (15). f^FjFACBC showed high tumor uptake In rais implanted 
intracerebral^ with 9L gliosarcoma cells. PET imaging has revealed a 6 io1 tumor-to- 
normal brain ratio of [18f}FAC3C in a patient with residual glioblastoma multiforme. 
Herein, we provide the details of the synthesis of ["^FJFACBC (in) and FACBG (12). 

Results and Discussion 
Synthesis of (18FiFAC3C (10) was accomplished in ten staps as outlined in 
Figure 1. 1-Chloro-2"h€nzyloxy-3-brompropana (1) was prepared in 60% yield by 
treatment of epichlorchydrin with benzyl bromide and mercurous chloride (16). 
Formation of diethyl 3-benzyloxycyciobutans-l ,1-dicarboxylaie (2) was achieved in 
55% yield by treating diethyl malonate with sodium hydride followed by addition of 1- 
chloro-2-benzyloxy-3-brompropane and refluxing for several days (15). Stirring diester 
2 in concentrated ammonium hydroxide provided the corresponding 3-benzyloxy- 
cyclobu{ane-1,1-dicarboxamine (3) which was then converted to a mixture of 3- 
benzyloxycyclobutane hydantoins (4) (75:25 diasjereomeric ratio) in 60% yield using 
dilute sodium hypochlorite (17). This reaction proceeds presumably via a N-dichloro- 
diamide. which in the presence of base, undergoes a Hoffman rearrangement affecting 
only one of the amide moieties to give the hydantoin (18). In our reaction, the 
predominate isomer possesses syn benzyloxy-amide groups. It is interesting that 
formation of the hydantoin is diastereoselective. When 3-fluorocyclobutane-1,1- 
dicarboxamine was treated with dilute sodium hypochlorite a 50:50 mixture of 
diastereomeric 3-fluorocyclobutana hydantoins was formed. Hence, it may bo possible 
to increase selectivity further by using the appropriate G-3 substituent on 3. Hydrolysis 
of the hydantoins, using the method of aqueous barium hydroxide at reflux (11), gave 
low yields of the beri2yioxy amino acid. Instead, a 76% yield of l-amino-3-benzyloxy- 
cyciobutane-1-carboxylic acid was obtained by heating the hydantoin in a solution of 
ammonium carbonate contained in a sealed gas cylinder at 170*C for 6 hours. 
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Figure 1 . Synthesis of ( 1S F]FACBC 



Ui asters omeric amino acids were separated by reverse phase HPLC using 0,9% 
saJine/methanol (60:20) solvent. Protection of the amine acid rnoiety was accomplished 
in two steps first by using di-terf-butyl dicarbonate to form f-butyl-carbamate 6 followed 
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by treatment with diazomethane. derived from 1-me(h y .-3-nitro-1-ni1,osoguanidine and 
base, to give th. corresponding 1-t-butyl carbamate-3-h y droxy-1-cyciobutane-1 - 
caAoxylic acid methyl ester (7) in 82% vieid. After debsnzyla.ion using hydrogen and 
10% palladium on charcoal (50% wet Oegussa type), the resultant 1-t-butyl carbamate- 
3-hyclroxy.l-cyc.obutane-1-carboxy.ic acid methyl ester (3) was converted to 
trifluoromethyl sulfonate 9 in 84% yield using trif.uoromathane sulfonic anhydride and 
pyridine. The stereochemical assignment for the predominant amino acid was 
determined by X-ray crystallography on 8. 

No-carrier-added radiofluorination ol 1-t-butyl carbamatc-3-trifluromethane 
sulfonoxy-l-cyclobutane-t-carboxylic acid methyl ester (9) was performed at 85-C for 5 
mm using dried fluoride, potassium carbonate and Kryptofix in aeetunitrile. 
Extending the reaction times to 10 and IS min did not increase f 8 F Jft U oride 
incorporation and higher reaction temperatures (100-C and 115'C) resulted in 1020% 
lower yields. Following passage of the reaction mixture through a silica Sep Pak lo 
remove unreacted [18F]fluorlde, depro.ection of [1 8 F ]-M-b U tyl carbamate-3-rluoro-l- 
cyclobutane-1-oarboxylic acid methyl ester was achieved by acid hydrolysis to yield 
['8 F ]FACBC (10). Synthesis of 10 was completed in 60 min following EOB with an 
overall radiochemical' yisld of 12% (EOB). 

H i T' 80G 

Figure 2. Synthesis of FAC8C 

Synthesis of "cold" FACSC (12, Figure 2) involved treatment of 1-t-butyl 
oarbamate-3-hydroxy-1-cyclobuiane-1.carboxy.ic acid mafhyl ester (8) witti DAST in a 
50/SQ mixture of methylene chloride and DG at 80"C which gave 11 in a 44% yield. The 
fluorinated intermediate 11 was hydrolyzed using 2N HCI for 3 hrs. The aqueous 
solution wae passed through a AG-1 1 AB mixed bed exchange resin using water to 
elude FACBC. It must be noted that during ar, alternative route to FACSC in which the 
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3-fluorocyclobutane hydantoin was used, base hydrolysis resulted in defluorination of 

the fluorohydantoin, 
| Materials and Methods 

Analysis for carbon and hydrogen was performed by Atlantic Microlab Inc., 

| Norcross, GA. Melting points were measured with a Electrothermal 9100 apparatus 

I (Electrothermal Eng. Lid.) and are uncorrected. Proton NMR spectra ware acquired with 

a GE QE PLUS 300 instrument; the chemical shifts are reported in parts per million 

(delta) down field from tetramethyisilane. Ail reagents were purchased from Aldrich 

Chemical Co, {Milwaukee. Wl) and wore used without further purification. Thin layer 

chromatography was performed on Silica gel AL SIL G/UV 250 u.m plaies (Whatman 

Ltd, Kent, England ). Column chromatography was accomplished on Silica gel Merck 

grade 9383, 230-400 mesh, 60A (Aldrich Co.) using the solvent as indicated. 

Chromatograms of the radiolabeled compounds were analyzed with a Bioscan Sysiem 

200 (Washington, D.C.) on either silica gel AL SIL G/UV 250 urn plates or 0.25 mm RP 

Chiralplates (Macherey-Nagel from Alltech Co., Deerfield, IL). 

Synthesis of [IS?]- -1 • aniino-3-f iucro-cyciobutane- 1 -carboxyilc acid 
(FACBC). 

1 : Chloro-2-benzy,'oxy-3-brQmopropane (1). Using the procedure of Michejda and 
Comnick (11), a mixture of henzyl bromide (46.2 g, 0.27 mot), epichlorohydn'n (25 g, 
0.27 mol), and 45 mg of mercurous chloride was heated for 12 hr at 150°C. Distillation 
through a 12-in Vigreux column yielded 42.5 g (60%) of 1-chioro-2-benzyloxy-3- 
bromopropane; bp 150-155 (0.5 mm) (lit. (11) bp 142-1 45°C, 0.3 mm); 1 H NMR {COCI3) 
h 5 3.34-3.9 (m, 4H, CH2). 4.53 (s, 2H, O-CH2), 7.26 (s, 5H, phenyl). 

Diethyl 3-benzy!oxycyciGbutan3~1 r 1-dicarboxy}ai3 (2) (11). To a stirred slurry of 4.5 g 
(0.19 mol) of sodium hydride in 115 mL of dry dioxane was added dropwtse 30.4 g 
(0.19 rnol) of diethyl malonate over a 30 min period. After this addition was compiele, 
I 50.0 g (0.19 mol) of 1-chloro-2-be-nzyloxy-3-bromopropane was added drepvvisa in 30 

i min. The mixture was heated at refiux for 44 hr 5 cooled to room temperature, and 4.6 g 

(0.19 mol) of sodium hydride in 50 mL of dioxane was added in portions. The mixture 
was heated at reflux for an additional 120 hr. Tho solvent was partially removed under 

? ■ 
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reduced pressure and the mixture was treated with 100 mL of water. The organic layer 
was extracted into other. The ether extracts were dried and concentrated and the 
residue was distilled under reducad pressure. Distillation through, a 12-in Vigreux 
column yielded 32.1 g (55%) of diethyl 3-benzyloxycyclobuians-1 Jdicarboxyfate; bp 
165-170°C (0.5 mm) (Jit. (11) 174-176'C, 0.9 mm); 1|H NMR (CDCI3) 6 1.23 (i, J=7H2, 
6H, CH3), 4.0-4.7 (m,1 H OCH). 4.34 (s, 2H OCH2), 4.13 (q, J=7Hz, 4H, OCOCH 2 ), 7.23 
(s, 5H, phenyl). 

3-BenzyioxycyciohutanC'1,1-dicarhoxamin9 (3). Diethyl 3-benzyloxycyclo-butane-1 ,1- 
dicarboxylate (2) (20 g, 65 mmol) was stirred with concentrated aqueous ammonia (250 
mL) for four days at room temperature. The diamide was collected by iiitrairon and 
washed with water followed by ethyl acetate. The yield of 3 was 6.1g (50%); mp 200- 
203°C; 1H NMR (dS-DMSO) 5 2.2 (m, 2H, CH 2 ) t 2.5 (m,2H CHj>), 3.8 (q, J=7_2 Hz 1H 
OCH), 4.3 (s, 2H, OCH2), 7.0 (m, 4H, NH2), 7.23 (s, 5H, phenyl). Anal calcd. for 
C13H1QN2Q3 (248.28): C, 62.89; H, 6.50. Found: C, 62.67; H, 6.82. 
5-(3-benzyloxycyc!obutane)hydantoin(4). 3-BenzyloxycycIobutane-1,1-dicarboxamine 
(S) (2.0 g, 6 mmof) was stirred in 150 mL of dilute sodium hypochlorite (Aldrich 
product/water 1 to 2) at 0~5°C for 4 hr. The reaction mixture stood over night at room 
temperature. Unreacted diamide was recovered by filtration. The solution was 
neutralized to pH 5 with concentrated hydrochloric acid and evaporated to dryness. 
The residue was extracted with 50 ml. of hot methanol filtered, arid filter cake was 
washed with 50 mL of hoi methanol. The methanol solutions were combined and 
evaporated. Chromatography of the crude solid on silica gei using CH 2 Cl2/meth«inol 
(95:5) afforded 1.2 g (60%) of a 75:25 mixture of rfiastereomeric hydantoins 4; mp for 
major isomer: 166-16S°C; mp for minor isomer: 190-1 94°C. The isomer ratio was 
determined before chromatography by reverse phase HPLC (C1B, methanol/ water 
50:50 ). 1H NMR <d6-DMSO) S 2,2 (m, 2H, CH 2 ), 2.6 (m, 2H CH 2 ), 3.99 (q t J=7.2 Hz 1H 
OCH}, 4.3 (s, 2H, OCH 2 ), 4.39 (s, 2H, OCH2), 8.2 <s, H. NH), 7.29 (br s, 5H, phenyl), 
10.6 (s, 1H, NH) . Anal calcd. for C13H14N2O3 (246.27): C, 63.40; H.5.73. Found: C, 
63.19; H, 5.90. 
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1-Amino-3-benzyhxycyclobutane-1-carboxyfic acid (5). A mixture of hydantoins 4 (1.0 
g, 4.1 mmoi) was hydrolyzed by heating wiih 65 rni_ of a 30% aqueous solution of 
ammonium carbonate in a closed gas cylinder (cap. 80 mL) al 16CM70°C for 6 hrs. The 
solution was neutralized to pH 6 with cone. HCI and evaporated to dryness. The 
residue was extracted with 50 ml. of hot methanol, and filtered. Yield: 0.69 g (76%). 
Reverse phase HPLC was used for separation ot isomers: 25x10 mm Waters C]Q prep 
column, flow=!5 mL, Rt=l4 min (minor Isomer) and 16 min (major isomer); solvent: 
0.9% saline/mefhanol 75:25. HPLC separation yielded 0.10 g (11%) of the minor 
isomer and 0.27 g (30%) of the n\ajor isomer. The hydrolysis reaction was repeated 
until s sufficient quantity of pure isomer 5 was obtained. Decomposition 220-223°C; 
1 H NMR (d^methano!) 6 2.2-2.9 (m, 4H, CH 2 ), 4.3 (i, J=6.9 Hz, 1H, OCH), 4.5 (s, 2H, 
CCH2), 7.23 (br s, 5H. phenyl). Anal caled. foi C12H15NO3 (221.26): C, 65.14; H,6.33. 
Found: C, G5.26; H, 6.43. 

r-t-Butyl carbamate-3-ber.zyloxy-Ucyctobutane-l-carboxyUc acid (6). A solution of 
diatereomerically pure amino acid 5 (0.5 g, 2.3 mmol) in 10 mL of a mixture of 
methanol/triethyjamino (90: 10) was treated with 1.0 g (4.6 mmol) of di-ter/-butyl 
dicarbonate. The mixture was heated at 5G-60°O for 10 min and then the solvent was 
removed by rotoevaporation. Tha crude oil was chromatogrsphed on Silica gel using 
methylene chloride/methanol (95 to 5) with 0.1% formic acid. The product 6 (0.56 g, 
78%) showed a single spot on TLC (Rf=0.59) with the same solvent system; mp 153- 
155°C; visualization was with M0OH3PO4. 1 H NMR (CDO3) S 1.35 (s, 9H t CH3), 2.27- 
2.88 (m, 4H, CH 2 ). 4.18 (m. 1H, CHO), 4.42.{s, 2H. OCH 2 ). 7.23 (brs. 5H, phenyl). Anal 
calcd. for C17H23NO5 (321.37): C, 63.54; H.7.21. Found: C, 63.24; H. 7.45. 
1 -{-Butyl carbamaie-3-benzyioxy-1-cyclobutane~1~carboxylic acid methyf ester (7). To a 
slurry of 1-methyi-3-nitro-1-nilrosoguanidine (150 mg) in 8 mL cf ether at 0-5°C was 
added a 40% solution of potassium hydroxide drop-wise. The resultant diazomethane 
ether solution was added to 0.15 g (0.50 mmoi) of 6 in 3 mL of ether and the mixture 
was stirred at room temperaiure for 15 min. The ether was evaporated and the crude 
residue was chromatographed on Siiica gel using ethyl acetate/hexans (1 to 9). Yield: 
0.13 g (82%) of an oil; 1 H NMR (CUCf 3 ) 5 1.35 (s, 9H, CH3), 2.27-2.88 (m, 4H, CH 2 ). 
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3.72 (s, 3H, CH3), 4.16 (m, 1H, CHO), 4.42 (s, 2H, OCH2), 7.23 <br s, 5H, phenyl). Anal 
calcd. forCisH25NQ5 (335.40); C, 64.48; H.7.51. Found: C, 64,31; K 7.76. 
1-t-Butyi carbama{e-3~hydroxy-1~cyciObutsne-1 -carboxylic scici methyl ester (8). A 
solution of 0.10 g (0.3 trimol) of the protected amino acid benzyl ether 7 in 10 mL of 
methanol was stirred with 25 mg of 10% palladium on charcoal (50% wot Degussa 
type). The mixture was stirred under a positive pressure of hydrogen (balloon) for 16 hr. 
The mixture was filtered through Ceiite and the solvent was evaporated. The crude 
residue was chromaiographed on Silica gel using methylene chloride/methanol (9:1). 
The product 8 (60 mg, 89%) showed a single spot on TLC (Rf=0.81) with the same 
solvent system; visualization was with M0OH3PO4; mp 128-129. 6°C. NMR 
(CD3OD) 5 1.41 (s, 9H, CH3), 2.05-2.9 (m. 4H, CH2) t 3.6 (s, 3H, CH3), 4.28 (m, 1H, 
HCO). Anal calcd. for CnHt9NOs (245.13): C, 53.37; H.7.81. Found: C, 5-3.98; H, 7.65. 
7 - t-S utyi carbamaO-3-trifhoromethano s ulfonoxy- 1 -cyclohui'dne- i •carboxylic acid 
methyl ester (9). Alcohol 8 (25 mg t 0.10 rnmol) was dissolved in 10 mL of dry 
methylene chloride and pyridine (400 p.L) by stirring under M2 The solution was 
cooled to 0-5°C and 120 fiL of tnfluoromethane sulfonic anhydride was added. After 15 
min, the solvent was removed in vacuo (no heating) and the crude ol! was 
chrcmatouraphed on Siiica gel (7" x 0.5") using ethy! aceiate/hexane (3 to 7). Product 9 
(32 mg, 84%) showed a single spot on TLC (Rf-0.60) with the same solvent system; 
visualization was with MCOH3PO4. 

[1 8 pj-UAmtno-S-fluorocyclobufane-l -carboxylic acid (10). To a Wheaton 5-ml reaction 
vial containing approximately 500 mCi (20 \i amp, SO min bombardment) in 350 mg of 
19 G-water was added a 1 ml aliquot from a solution consisting of 125 mg Kryptofix, 25 
mg potassium carbonate, 0,5 mi water and 12 ml aoeionitriie. The solution was heated 
at 115°C and the solvent was evaporated wiih the aid of an Argon gas flow. Remaining 
moisture was removed by addition of *2 mi of dry acstonitrile to the vial followed by 
evaporation using Argon flow. This process was repeated 3 more times to ensure 
dryness of the fluoride. A solution of 1 -t-buiyl carbamats-3-trifluoromethanssuifonoxy-1- 
cyclobutane-'l -carboxylic acid methyl ester (S) (12 mti) in 500 fiL of dry acetonltrile was 
introduced into the vial and tha fluorination (no-cairisr-added) reaction was performed 
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at e5°C for 5 min. The mixture was diluted with methylene chloride (1 mL) and 
unreacted 18 F' was removed by passage through a silica go! Sep-Pak. The Sep-Pak 
was rinsed with 6 ml of methylene chloride and the combined eluant was evaporated 
using an Argon flow that gave the ^ S F labeled intermediate (68 mCi) in 18% E.O.B. 
yield. Deprotoction was achieved by using 0.5 mL of 6 N HCI at 130°C for 10 min. The 
aqueous solution containing 10 was passed through a 12 x 1.5 cm column of an ion- 
retardation resin (AG 11 AS 50-100 mesh} in scries with an alumina Sep-Pak (wet), a 
C18 Sep-Pak, and a 0.22 \i MiKipore sterile filter using sterile water. The eluant 
containing 10 was collected in a sterile vial and made isotonic by addition of 0.96 mL oi 
a 22.4% solution of sodium chloride. The synthesis was completed in 60 min following 
BOB with an overall radiochemical yield of 42 mCi (12% EOB). Radio- TLC showed 
99% radiochemical purify (Chiralplates, 20:5:5 acetonitrileAvaier/rneihanol, Rf=0.63). 
Radio-HPLC analysis (Zorbax roverse-phase Cia, 4-6 mm x 250 mm, 0.1% acetic acid, 
flow rate 1 mUmin, rt « 5 min ) showed [ 1S F]FACBC to have a specific activity of at least 
1.5 Ci/umole. Chemical identity was confirmed by co-elutlon with reference compound 
12 (H PLC- Waters 410 Differentia! Refractometer). 

Synthesis cf 1-amma-3-fJuaro -cyciobutan^-l-csrboxyiic scid (FACBC). 
1-t-Butyl carbamaie-3~nuoro-1-cyclobutane~l-carboxyUc acid methyl ester (11). 
Alcohol 8 (150 mg, 0.6 mmo!) was dissolved in 20 ml. of a 50/50 mixture of dry 
methylene chloride and 2-methoxyeihyi eiher by stirring under N5. The solution was 
cooled to -72"C {dry ice/aceione bath) and 109 mg (0.70 mmcJ) of diethylaminosulfur 
trifiuorids was added. The mixture was allowed to wa rrn to room temperature and it was 
then heat at 70°C for 3 hrs. The solvent was removed in vacuo and the crude oil was 
chromatographed on Silica gel using methylene chloride/methane) S5:5. Product 1 1 
(67 mg, 45%, oil) showed a single spot on TLC (Rf=0.33) with the same solvent system; 
visualization was with M0OH3FO4. 1 H NMR (CDCI3) o 1.37 (s, 9H, CHs), 2.57-2.95 
(m, 4H, CH2), 3.71 (s, 3H, CK3), 5.22 (d, quintet, 1H, ,te56.4. 6.6 Hz, CHF). 
1-Amlno-3-nuoro-cyciGbutane-1>carboxyUc acid (12). Hydrolysis of 11 (67 mg, 0.27 
mrnot}) using 5 mL oi 2 N HCI at 115°C for 2 hr followed by passed through an ion- 
retardation resin (10 g, AG 1 1A3 50-100 mesh) afforded an aqueous solution of the 

Copyright 01999 John Wiley & Sons. Lid. / Labelled Cpd. Rodiopkarm. 42, 215-225 (1S») 



BEST AVAILABLE COPY 



T.M. Shoup a:id At. At. Goodman 

fluoro-amino acid. The solution was concentrated and 12 was purified by HPLC 
(Waters C18 column: 25mm x 100nim, using 1% acetic acid in water, flow rate=7 
rrtt/rnin, Rt=5 rnin). Decomposition 249°C. Yield 26.1 mg (70%). j H NMR (deuterium 
oxide) 6 2.56-2.71 (m, 2H, CH 2 ). 2.95-3.02 (m, 2H, CH 2 ), 5.22 (d, quintet, 1H, J=56.4, 
6.6 Hz, CHF). Analcalcd. tor CsHqFNQz (133.12): C, 45.11; H, 6.06. Found: C, 45.01; 
H, 6.25. 

X-ray Crystallography Experimental. 

Compound 8, as a colorless plate with dimensions o? 0.10 x 0.40 :< 0.54 mm^ 
was used for data collection. Intensity data were collected at room temperature on and 
Siemens P4 instrument and corrected for polarization, absorption and extinction. The 
structure was solved by direct methods and refined by full-matrix least-squares 
procedures on F* using SHELXL 03. All non-hydrogen atoms were refined 
anisotropicafly. The H atom of Ol was located from the difference map and refined 
isotropically unconstrained. All other H atoms were generated at calculated positions 
and were constrained using a riding model with isotropic thermal parameters that were 
50% greater for the methyl H atoms, and 20% greater for the remaining H atoms than 
the U(eq) of the bonded heavy atom. 
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